Occupational dermatitis occurred mainly in construction, electronics and painting industries [1] [2] [3] [4] [5] [6] in previous studies but was not reported in the automobile industry before. The cases of allergic contact dermatitis (ACD) in these studies were mainly caused by exposures to epoxy resin [1] [2] [3] [4] [5] and related compounds [6] [7] [8] [9] through direct dermal contact, but some studies reported that airborne chemical exposure could also cause ACD [10] [11] [12] [13] . Allergic dermal symptoms were related to qualitative exposures to chemicals in these studies [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . There were only a few studies trying to associate allergic dermal reaction with quantitative chemical exposures 14, 15) . In this study, we applied the risk assessment method to investigate one ACD case in an automobile company. By completing all four steps in risk assessment, i.e. hazard identification, dose-response assessment, exposure assessment and risk characterization, we were able to demonstrate that the autoworker's dermatitis was attributable to a particular group of chemicals with certain amounts of cumulative exposures through a specific exposure route in the model manufacturing process.
Case History and Clinical Findings
On March 15, 2000, a 38-yr-old man visited our occupational medicine clinic at the National Taiwan University Hospital (NTUH). He had suffered from reddish swelling, scaly peeling and fissures in the skin over both sides of the hands for two weeks (as shown in Fig. 1) . A small fissure initially appeared on the volar aspect of his right forefinger tip, then desquamation developed diffusely over the distal portion of the other fingers, and finally erythematous swelling with dry scales spread over all the fingers of both hands. The worst affected part was the volar surface of the subject's fingertips. Many erythematous papules also appeared over the volar fingers and palms. After working in the automobile factory for 5 yr, the patient had not developed such a skin problem until he was transferred to the modelmaking department. The patient's skin symptoms first appeared after performing routine maintenance on the mold-making machine. The patient's skin symptoms were aggravated significantly after conducting major repairs on the machine.
Hazard Identification
The walk-through survey, hazard information search and skin patch test were three approaches used to identify potential hazards for allergic dermatitis in the patient's workplace. As shown in Fig. 2 , the photo-polymerization process, in which the patient made resin models for various automobile components, included a Stereo Lithography Apparatus (SLA) room and a Rapid Prototyping (RP) room. Resin models were first constructed by means of laser beams to solidify a chemical with the commercial name of StereoLithography 5510 (SL 5510, Ciba-Geigy Corporation) in a SLA 5000 machine in the SLA room. The unfinished models in a stainless rack were then transferred manually to the RP room, where residual SL5510 was washed off with tripropylene glycol methyl ether (TPGME) in a TPGME washing shaker. The models were then transferred manually to a water sink, where the residual TPGME was washed off with water. After washing, the models were first air-dried in a glove box and then thermally fixed in a UV oven. After fixation, the models were either manually or mechanically polished to complete the model production.
The occasions of potential exposure to resin during normal operation included using the fingertips to hold the rack to transfer the models from the SLA 5000 machine to a handcart in the SLA room (task 1), moving the handcart from the SLA room to the RP room (task 2) and using the fingertips to hold the rack to transfer the models from the handcart to the TPGME washing shaker in the RP room (task 3). When operation of the photopolymerization process was not working properly, there were resins clogged in the SL 5510 trough and the stainless steel rack of the SLA 5000 machine. During such abnormal operation, the patient needed to immerse his fingers in the SL 5510 for 15-20 min in order to manually clean off the clogged polymers in the trough and stainless rack (task 4). The patient claimed that SL 
The workplace profile of the photo-polymerization process 5510 penetrated through his VINYL gloves very quickly, which made it necessary for him to wash his hands immediately after task 3 and use a new pair of VINYL gloves to complete the rest of the tasks in the RP room. The SL 5510 is a mixture of acrylate ester (10-30%), cycloaliphatic epoxy resin (30-60%), aliphatic glycidyl ether (10-30%), diacrylate esters (0-10%), photoinitiator (0-10%), and acrylic ester (0-10%). TPGME is an industrial solvent with low viscosity, completely miscible in water and the vapor pressure at 20°C is 0.02 mmHg. TPGME is reported to cause transient irritation to eyes but not to the skin from its MSDS. There are no occupational exposure limits regarding ACD for either epoxy resin or TPGME.
As shown in Table 1 , the skin patch tests after 3 d and 4 d in the dermatology department of NTUH revealed that the worker had a strong 3+ reaction to 8% of fragrance mix, moderate 2+ reactions to 1% and 5% of SL 5510 and moderate 2+ reactions to 2 % and 5 % of TPGME. The VINYL gloves and the 15 other potential allergic substances had a negative response on the patient. The questionnaire interview on this patient's dermatitisrelated information showed that he was not allergic to medication, had no coetaneous diseases before, and has never used the fragrance mix.
Exposure and Dose-Response Assessments
We performed a breakthrough test on the VINYL glove and measured ambient chemical concentrations in the patient's workplace in order to assess his exposure doses. We first soaked the VINYL glove in the SL 5510 trough for 3 min and then removed it from the trough by adding 1 mL of 95% ethanol to the glove's interior in order to extract penetrated resins inside its middle finger. Allowing the extracted solution to mix inside the glove for 1 min, we then analyzed its concentration by means of a gas chromatograph with the flame ionization detection method (GC-FID). The gas chromatograph (HP 5890 Series II Plus; Hewlett-Packard, U.S.A.) was equipped with an HP 7673 auto-sampler, a splitless injector, a capillary column (DB-WAX, 30 m, 0.53 mm ID, 1.0 µm film thickness, J&W Scientific, Inc., California) and a flame ionization detector (GC-FID). Our GC-FID method had a linear relationship for SL 5510 at 0-0.146 mg/mL. The surface areas of the patient's fingers were also calculated by the width and length measured with a tape ruler. The breakthrough test of the VINYL glove showed that there was 0.0168 mg/mL of SL 5510 inside the glove after 3 min. Since the surface area of the middle finger was about 61.9 cm 2 , the rate of penetration of SL 5510 across the VINYL glove was estimated at 0.09 µg/cm 2 /min. Ambient chemical concentrations in the RP room were sampled by a canister method, which is a standard sampling method of the U.S. Environmental Protection Agency 16) , in order to determine whether TPGME and other volatile organic compounds can also cause a patient's ACD via the inhalation exposure route. A total volume of 100 mL air in 15 min during the working period was captured in the canister and analyzed with a gas chromatograph by the mass spectroscopy method (GC-MS). The air sampling results showed no TPGME but sixteen volatile organic compounds in the RP room. The concentrations of sixteen chemicals, which were acetaldehyde, ethanol, isopropyl alcohol, acetone, methyl acetate, 2-butanone, benzene, 3-methyl-2-butanone, toluene, n-butyl acetate, ethylbenzene, m/p-xylene, oxylene, styrene, cyclohexanone and 1,2,4-trimethylbenzene, were all below one tenth of the threshold short term exposure limit (TLV-STEL) and have not been reported to cause allergic effects on skin. These results indicated that the patient's ACD was caused by direct dermal contact with SL5510 in the SLA room rather than by airborne exposure to TPGME or other chemicals in the RP room.
The company's working history showed that the patient has worked in the model-making department for 275 d between January 31, 1999 and March 1, 2000 when his allergic symptoms appeared. The instrument's maintenance logbook indicated that the SLA 5000 machine was working properly for 265 consecutive days. The patient made one model each day during this normal operation period, but the machine was not functioning properly from February 10 to February 23, 2000. The patient made 2-3 models per day for 10 d under such abnormal operating conditions. The patient was asked to recall and repeat his work practice during normal and abnormal operational conditions. The investigators then documented the patient's exposure duration, the PPE use (VINYL gloves) and the probability of dermal contact during his work history at each task in the model-making process.
We developed the following equation to calculate the cumulative exposure doses of SL5510 on the patient's 10 fingers by modifying the American Industrial Hygiene Association formula 17) .
where CED is the patient's cumulative exposure dose of SL5510; PR is the penetration rate of SL 5510 through the VINYL gloves, 0.09 µg/cm 2 /min; SAi is the contact surface area during operation, cm 2 ; CTi is the contact time in minutes; Taski is the task, i=1-3 for normal operation, i=1-4 for the abnormal operation described in the Hazard Identification section; FQi is the frequency of tasks per working day; WDi is total working days with dermal SL5510 exposures. The surface areas of the patient's fingers and fingertips were 607.0 cm 2 and 100.8 cm 2 , respectively. The working history showed that the patient had a total of 40 working days with SL5510 exposures over 265 normal operation days and 10 working days with SL5510 exposures over the entire abnormal operation days.
As shown in Table 2 , the patient's cumulative exposure doses of SL 5510 were estimated at 2.2 mg during normal operation and at 26.2-34.4 mg during abnormal operation, respectively. Because epoxy resin accounted for 30-60% SL 5510 in weight, we estimated cumulative dermal exposure doses of epoxy resin at 0.7-1.3 mg during normal operation and at 7.9-20.6 mg during abnormal operation. The average intensity of exposure to epoxy resin was about 2.6-4.9 µg/d during normal operation and 790-2,060 µg/d during abnormal operation.
The patient had no further skin contact with SL 5510 during his work after replacing VINYL gloves with nitrile gloves. His skin symptoms improved significantly after the change and were alleviated greatly after using hydrocortisone cream (Cort-S ® ). His skin eventually returned to normal after six months of treatment.
Discussion
Our study demonstrated that risk assessment is a systematic and effective method to identify occupational diseases. By applying hazard identification and exposure assessment in our study, we were able to exclude TPGME and fragrance mix from causes of the worker's ACD found in the skin patch test. We did not consider the fragrance mix as a risk factor because the worker did not use it either in the manufacturing process or in personal applications. We excluded TPGME from causing ACD because the patient did not contact it at all during the working period.
Exposure assessment is especially useful in identifying actual allergic chemicals in a workplace with multiple chemicals and exposure routes. Multiple chemical exposures at very low concentrations are commonly present in the workplace and usually show positive reactions in the patient's skin patch test as reported in this study. Several studies have also reported that airborne contact is an important exposure route for ACD in addition to direct dermal contact [10] [11] [12] [13] 18) . We have falsified the airborne route as a possible exposure pathway by showing no allergic chemicals existing in the patient's workplace from our air monitoring results.
Even though the chemicals and manufacturing process remained the same for the mold-making process, the patient's dermatitis did not reappear after using nitrile gloves. This evidence further confirmed that epoxy resin was the cause of ACD in this study. The occurrence of ACD in the photo-polymerization process has been reported in one previous study. Calas et al. reported that exposure to organic photopolymerizable resin, possibly polythiol, resulted in ACD in the photo-polymerization process 19) . Epoxy resin, the main composition of SL 5510 in the photo-polymerization process, has been used widely in the application of coating, painting and varnishing since the 1950s 5, 20) . No substitute chemicals have been found for this process since then. Although wearing gloves was thought to be an effective control method 5) , this study finds that only wearing the right type of gloves, i.e. nitrile gloves, can effectively prevent workers' exposure to epoxy resins in the photo-polymerization process.
To the best of our knowledge, this is the first empirical study to quantify the dose-response relationship between the epoxy resin exposure dose and ACD in an occupational setting. Some previous studies measured workers' dermal exposures to chemicals but the exposures were not associated with health outcomes 14, 15) . By reconstructing working history, tasks analysis and actual measurements, we could better estimate the worker's outcome-dependent exposure doses, but two limitations to the method used in this study should be noted in order to extrapolate the dose-response of epoxy resin. First, we could underestimate the total dose of epoxy resin in the fingers by not considering exposure to finger webs and volar palms in our dose calculation. Such an omission will understate the subject's actual dose and therefore overestimate the dose-response relationship for epoxy resin. Second, we could overestimate the non-response dose for a more susceptible population based on our observation on one single subject without an apparent allergic history. With such a limitation in mind, our study still strongly indicates that ACD will develop due to exposure in an initial sensitization and subsequent repeated contacts with epoxy resins.
